BACKGROUND: Cabozantinib, a tyrosine kinase inhibitor of FMS-like tyrosine kinase 3 (FLT3), MET, AXL, vascular endothelial growth factor receptor, and KIT, is approved for use in multiple malignancies. We assessed the safety and tolerability of cabozantinib in AML, given up-regulation of multiple relevant pathways. METHODS: Adults were eligible if they were 18 years old or older with relapsed/ refractory AML or if they were 70 years old or older with newly diagnosed AML but were ineligible for conventional therapy. Cabozantinib was administered in 28-day cycles, and dose escalation occurred via cohorts. A pharmacodynamic evaluation of serial plasma samples via a plasma inhibitory assay (PIA) was used to assess FLT3-inhibitory activity in FLT3-mutant cell lines. RESULTS: Among 18 patients enrolled, 5 were found to harbor FLT3/ITD mutations. Sixteen patients (89%) had relapsed/refractory AML, and most were treated with 2 or more lines of prior treatment. No dose-limiting toxicities (DLTs) were detected at the first dose level (40 mg daily), but 2 patients experienced DLTs at the next level (60 mg daily). The remaining patients were then dosed at 40 mg daily, the maximum tolerated dose (MTD). Additional grade 2 or higher toxicities, possibly/probably related to cabozantinib, included fatigue, nausea, transaminitis, and electrolyte imbalance. No patients had a marrow response according to formal criteria, but 4 had peripheral blast reductions; 2 of these 4 patients transiently cleared circulating blasts. One patient experienced a reduction in marrow blasts, and 1 had stable disease. The FLT3-inhibitory activity of plasma samples, as assessed with the PIA, revealed potent and sustained inhibition in FLT3/ITD and, notably, F691 tyrosine kinase domain (TKD)-mutant cells. CONCLUSIONS: Cabozantinib is well tolerated in AML patients at an MTD of 40 mg daily and is a potent inhibitor of FLT3/ITD-and F691 TKD-altered tyrosine kinases.
INTRODUCTION
The successful treatment of acute myeloid leukemia (AML) remains a daunting challenge. Although the majority of adult patients under the age of 60 years achieve a complete remission with conventional cytotoxic chemotherapy, the long-term survival rate remains poor at approximately 30% to 40%. 1, 2 The prognosis is even worse for patients with higher risk AML, including older patients and those with secondary disease, such as that arising from antecedent myeloid neoplasms. 1, 3 There is, therefore, an urgent need for novel and effective therapeutic approaches to enhance current paradigms and improve outcomes.
In the last few years, a variety of targeted therapies for AML, including agents inhibiting FMS-like tyrosine kinase 3 (FLT3) [4] [5] [6] [7] [8] and isocitrate dehydrogenase enzymes, 9, 10 have emerged with remarkable therapeutic promise. FLT3-activating mutations, consisting of internal tandem duplication (ITD) and tyrosine kinase domain (TKD) variants, affect approximately a third of AML patients and are traditionally associated with proliferative disease, frequent relapses, and poor outcomes. [11] [12] [13] Most studied FLT3 tyrosine kinase inhibitors potently inhibit autophosphorylation of the FLT3/ITD receptor tyrosine kinase. However, a lesser number effectively inhibit the various FLT3/TKD variants. This is a challenging prospect because these latter mutations often arise as resistance alterations after initial FLT3-targeted therapy.
Cabozantinib is a potent and multitargeted tyrosine kinase inhibitor of FLT3, MET, vascular endothelial growth factor receptor 2 (VEGFR2), and KIT. 17, 18 It has been extensively studied in multiple solid tumors and is Food and Drug Administration (FDA) approved for use in renal cell and medullary thyroid carcinomas. [19] [20] [21] However, despite its multiple relevant targets, it has not been previously studied in AML. We assessed the tolerability and safety of cabozantinib in AML and, in this context, investigated its range of activity in FLT3-mutant cell lines to gain an appreciation of its therapeutic promise.
MATERIALS AND METHODS

Clinical Trial Accrual and Treatment
This study was approved by the local institutional review board, was registered at ClinicalTrials.gov (NCT01961765), and was conducted in accordance with the Declaration of Helsinki. Patients were eligible for enrollment if they were 18 years or older with relapsed/refractory AML or if they were 70 years old or older with newly diagnosed disease but were ineligible for or declined conventional therapy. Participants were required to have an Eastern Cooperative Oncology Group performance status of 0 or 1; a cardiac ejection fraction greater than or equal to 50%; and intact organ function, as manifested by aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase levels less than 3 times the upper limit of normal, a direct bilirubin level less than 1.5 mg/dL, a lipase level less than 2.0 times the upper limit of normal, and a creatinine clearance greater than or equal to 50 mL/min. In addition, because of the range of enzymes inhibited by cabozantinib, which includes VEGFR2, patients with severe hypertension, cavitary lung lesions or significant hemoptysis, active peptic ulcer disease, bowel inflammation, an obstruction or perforation, or recent major surgeries were excluded.
Standard cytogenetic and molecular testing, including testing for FLT3/ITD, FLT3/TKD, nucleophosmin 1 (NPM1), and CCAAT/enhancer-binding protein a (CEBPA), was performed at diagnosis. The study treatment required a white blood cell count less than 30,000/ mm 3 , but concurrent treatment with hydroxyurea was allowed to control the white blood cell count during the first 15 days of the first cycle. The first dose level was 40 mg by mouth daily, a dose previously demonstrated to be relatively well tolerated by patients with solid tumor malignancies. Cabozantinib was administered in 28-day cycles, and dose escalation occurred via 3 cohorts (40, 60, and 80 mg daily). The escalation to each successive dose level was guided by the incidence of dose-limiting toxicities (DLTs) during cycle 1 of the treatment. The definition of a DLT included any grade 3 or higher nonhematologic toxicity (with the exceptions of nausea, vomiting, and diarrhea lasting less than 7 days and oral mucositis, which was required to be grade 4 to be considered a DLT). DLTs also included any grade 2 or higher nonhematologic toxicity that was intolerable or rendered patients unable to take 75% or more of the assigned doses, any grade 4 hematologic toxicity lasting at least 42 days with a nonleukemic marrow cellularity 5%, and death.
The response was determined by bone marrow biopsy after the first cycle of treatment, and any patient achieving a complete or partial remission or showing stable disease and a clinical benefit could continue in the study until disease progression, intolerable toxicity, or the receipt of 12 cycles.
Correlative Studies
Molm14 cells were obtained from the DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany). The Ba/F3 cell line was transfected with the specific point mutations D835Y and F691L, as described previously. 16 All cell lines were cultured with RPMI (Roswell Park Memorial Institute) medium with 10% fetal bovine serum, penicillin/streptomycin, and 2 mM L-glutamine at 37 C in 5% carbon dioxide. The Ba/F3 ITD/D835Y point mutant was cultured with 1 ng/mL recombinant human interleukin 3.
A pharmacodynamic evaluation of serially obtained patient plasma samples was performed via the use of a plasma inhibitory assay (PIA) to assess FLT3-inhibitory activity in FLT3/ITD cell lines. Plasma samples were collected before dosing, during cycle 1 on days 1, 2, 8, 15, and 28, and during cycle 2 on days 15 and 25. The plasma samples were kept at -80 C. For each patient, 1 mL of plasma was incubated with Molm14 cells for 1 hour at 37 C. As described previously, 22 immunoprecipitation and immunoblotting were used to analyze the cells for FLT3 phosphorylation. Densitometry was used to compare the relative volumes of the bands for FLT3 phosphorylation with samples from day 1 of cycle 1 as a baseline.
Dose-response studies were performed with Molm14, Ba/F3 ITD/F691L, and Ba/F3 ITD/D835Y cells treated with different doses of cabozantinib or sorafenib in either 1 mL of media or plasma. FLT3 phosphorylation was analyzed via immunoprecipitation and immunoblotting as previously described.
Statistics
Toxicities of all grades in the study, regardless of attribution, were classified overall and by dose cohort. The efficacy of cabozantinib was assessed for the total number of patients enrolled at the maximum tolerated dose (MTD). Overall survival was defined as the time from the date of registration to death and was censored at the last timepoint the patient was known to be alive. Overall survival was estimated with the Kaplan-Meier method. The median survival was estimated with a 90% confidence interval.
RESULTS
Eighteen patients were enrolled. The median age at registration was 68 years (range, 27-85 years), with the majority of the patients being male (67%) and white (89%). The mutational status was not known for 3 patients. FLT3/ITD mutations were detected in 5 patients (23%), and 1 of these patients had a concurrent FLT3/TKD D835 mutation; NPM1 and CEBPA mutations were detected in no patients (Table 1) . Sixteen patients (89%) had relapsed/refractory AML, and 2 (11%) had newly diagnosed disease. The majority of those with relapsed/ refractory AML (75%) had been treated with 2 or more lines of prior treatment. Overall, 3 patients received hydroxyurea as a cytoreductive measure during the study.
Three patients were enrolled at the first dose level (40 mg daily), at which no DLT was detected. One patient at this dose level experienced grade 4 transaminitis, which was deemed unrelated to cabozantinib, but the patient could not be dosed for this reason and was, therefore, replaced. Two of the 3 patients who enrolled at the second dose level (60 mg daily) experienced a DLT: one with grade 3 pancreatitis and the other with grade 3 transaminitis. Three patients were then enrolled at the next lower dose level (40 mg daily); 2 of these patients could not complete the DLT period, one because of disease progression and the other because of an infected aortic ulceration unrelated to the study treatment. These 2 patients were replaced, and no additional DLTs were noted in the remaining patients. The dose of 40 mg daily was, therefore, determined to be the MTD, and 6 additional patients were subsequently treated at this dose in an expansion cohort. Other grade 2 or higher nonhematologic toxicities that were possibly or probably related to cabozantinib, including fatigue, nausea, anorexia, constipation, oral mucositis, hypertension, palmar-plantar erythrodysesthesia, and transaminitis, affected 5 or fewer patients (Table 2) , with the most common being nausea (5 of 18 or 28%) and hypertension (5 of 18 or 28%). Grade 2 palmar-plantar erythrodysesthesia affected 2 patients. The most common grade 2 or higher adverse events during the study in each cohort, regardless of attribution, are also provided in Table 3 .
Sixteen patients could be assessed for a response during the study. No patients had a marrow response according to formal criteria. Four patients had a reduction in peripheral blasts during treatment, and 2 of these patients transiently cleared their circulating blasts (1 with an FLT3/ITD mutation). The reductions in peripheral blasts for these patients are represented in Figure 1 . Three of the 4 patients, including the FLT3-mutant patient (patient 4 in Fig. 1 ), experienced reductions in blasts by day 14, and the remaining patient had a reduction in blasts by day 28. Two of the 4 patients were noted to have recurrent increases in peripheral blasts by day 49, and the other 2 were taken off the protocol-based therapy by their treating physician, despite a persistent reduction in peripheral blasts, because of persistent disease in the marrow. One of these 4 patients also experienced a reduction in marrow blasts (patient 1). Patients 1 and 4 also had slight increases in hemoglobin and platelets during the time of, and concurrent with, the reduction in their peripheral blasts. An additional patient experienced stable marrow disease. None of these patients had received concurrent hydroxyurea. Sixteen patients (89%) died either during the study or during the follow-up period. The median survival for all enrolled patients was 3.88 months (90% confidence interval, 1.12-4.73 months), and the median survival for those enrolled at the MTD was also 3.88 months (90% confidence interval, 0.92-5.33 months). In addition, FLT3-inhibitory activity, as determined with the ex vivo PIA of serially collected patient plasma samples, consistently revealed potent and sustained inhibition of FLT3 autophosphorylation in FLT3/ITDmutant cell lines by day 8 of cycle 1 (Fig. 2) . Additional studies revealed that cabozantinib had very high potency under both medium and plasma conditions (with halfmaximal inhibitory concentration [IC 50 ] values of 0.6 and 34 nM, respectively) against FLT3/ITD (Fig. 3) . This degree of potency is akin to that demonstrated with the potent and selective FLT3/ITD inhibitor quizartinib 23 (with IC 50 values of 1 and 18 nM, respectively). Cabozantinib did not reveal any activity against the FLT3 D835 TKD point mutant cells in media (Fig. 4) but, intriguingly, was potently active against the F691L-mutant BAF3 cell line under both medium and plasma conditions with an IC 50 value of 2.86nM in media, which was significantly lower than that of other studied FLT3 inhibitors 16 ( Fig. 5A) . Cabozantinib also effectively suppressed FLT3/ F691L in serial plasma samples from patients in the study, as assessed with the PIA, with potent inhibition by day 8 (Fig. 5B) .
DISCUSSION
We herein report the results of a phase 1 trial of the multikinase inhibitor cabozantinib in patients with AML. Cabozantinib is a potent inhibitor of multiple relevant tyrosine kinase targets in human malignancies and, after extensive clinical study, is now approved for use by the FDA for the treatment of advanced renal cell and medullary thyroid carcinomas. In our population of predominantly relapsed/refractory AML patients, we found that cabozantinib was relatively well tolerated with an MTD of 40 mg daily. Two DLTs-grade 3 pancreatitis and grade 3 transaminitis-were seen at a dose of 60 mg daily. Although marrow responses were not identified by formal criteria, 4 patients, including 1 patient with a FLT3/ITD mutation, had reductions in leukemic blasts in the peripheral blood or marrow.
It is noteworthy that the approved recommended doses for the use of cabozantinib in renal cell and medullary thyroid carcinomas, 60 and 140 mg daily, respectively, are higher than the determined MTD in this study of AML. However, in trials of solid tumor malignancies, dose reductions due to toxicity have been common at higher doses of cabozantinib. In the randomized phase 3 clinical trial of cabozantinib for medullary thyroid carcinoma, despite dosing being initiated at 140 mg daily, 65% required dosing holds, and 79% required dose reductions. In that study, up to 2 dose reductions were allowed down to a minimum of 60 mg daily. 24 Similarly, in randomized phase 2 and 3 studies of cabozantinib for renal cell carcinoma, with patients starting at a dose of 60 mg daily, dose reductions occurred in 58% and 60% of patients, respectively, because of adverse events. 21, 25 In this light, it is perhaps not surprising that the maximum tolerated dose for patients with relapsed or refractory AML, who would be expected to have a more profound acute comorbidity burden than those with solid tumor malignancies, would be lower. Nevertheless, we found that the MTD dose of 40 mg daily was well tolerated in our patient population, with 15 patients being administered this dose with no DLT. Whether a higher dose of cabozantinib would have led to a higher response rate is unclear. It is also possible that a different dosing schedule (eg, 3 weeks of treatment followed by 1 week off vs the continuous-dosing approach studied on this trial) would allow a higher dose of cabozantinib to be administered. This can perhaps be tested in future advanced-phase safety and efficacy trials of cabozantinib.
Importantly, we were able to further characterize the range of activity of cabozantinib as a FLT3 inhibitor, which is particularly relevant to the treatment of AML. Approximately a third of patients harbor FLT3-activating mutations, the majority of which are ITD alterations, with the rest being point mutations affecting the TKD of the enzyme. 14, 15, 26, 27 Both mutation types, FLT3/ITD and FLT3/TKD, lead to constitutive activation of the enzyme, but only the former is clearly associated with a poorer prognosis in AML. 26, 27 Over the last decade, multiple inhibitors of FLT3-activating mutations have emerged and have been studied in clinical trials with varying degrees of selectivity for the FLT3 target. [4] [5] [6] 8 Midostaurin, a less specific FLT3 inhibitor, was recently shown to improve survival when it was combined with conventional chemotherapy for newly diagnosed FLT3-mutant patients, and it is now approved for use in this setting. 8 Potent and selective FLT3 inhibitors such as quizartinib, crenolanib, and gilteritinib all lead to impressive responses as monotherapy in patients with FLT3 mutations. [4] [5] [6] However, there is a differential pattern of activity for FLT3 inhibitors against the various TKD point mutations, and this finding is increasingly relevant in the emerging era of FLT3-targeted therapies. TKD point mutations can exist at diagnosis but can also emerge as a mechanism of resistance after initial FLT3-inhibitor therapy for ITD-mutant disease. Patients treated with potent FLT3 inhibitors such as sorafenib and quizartinib for FLT3/ITD AML have been demonstrated to develop secondary TKD point mutations that are associated with disease progression and therapeutic resistance. 28, 29 The majority of mutations are D835 alterations, but other resistant TKD variants, including the F691 alteration, are increasingly being detected. Several FLT3 inhibitors, including crenolanib, midostaurin, and gilteritinib, have activity against D835 FLT3/TKD AML, 16, 30 whereas other compounds, such as quizartinib and sorafenib, have minimal activity against this point mutation. In addition, with very limited exceptions, 31 most FLT3 inhibitors currently under study do not effectively inhibit the F691 TKD alteration, 16, 32 which is also increasingly being seen after initial FLT3-targeted therapy. As a result, patients with FLT3/ TKD AML upon presentation or disease progression may respond only to certain FLT3 inhibitors, 4, 16 most of which are currently unavailable for conventional use.
Our data suggest that cabozantinib is highly active against FLT3/ITD cell lines but also remarkably active, as demonstrated by the PIA and on Ba/F3 mutant cell lines, against the F691-altered enzyme. The IC 50 against that variant for cabozantinib in media, 2.86 nM, is significantly lower than that seen with other studied FLT3/ TKD inhibitors such as crenolanib and gilteritinib. In contrast, cabozantinib did not show efficacy in its inhibition of D835-mutant cell lines. Among the 5 FLT3-mutant patients in our study, 1 demonstrated a peripheral clearance of leukemic blasts after 4 weeks. However, it is important to note that our population was heavily pretreated; 1 FLT3/ITD patient was inevaluable and was replaced early in the study; and another patient harbored both FLT3/ITD and FLT3/TKD/D835 mutations, the latter of which appears to be resistant to inhibition by cabozantinib.
The potent inhibition of the TKD F691 FLT3 variant is an important and potentially clinically impactful finding. Cabozantinib is now approved by the FDA for use in multiple solid tumor malignancies. FLT3-mutant AML patients who progress beyond initial lines of therapy because of the emergence of resistant F691 point mutations have limited conventional and trial-based options. For such individuals, cabozantinib could be further explored as a therapeutic approach for treating FLT3-mutant disease because of its potency in inhibiting both ITD and this specific TKD alteration. Although the current clinical trial, being a small dose-escalation study, was limited by its size and scope, future and larger efficacy trials of cabozantinib can further explore this potential therapeutic promise by specifically studying patients with FLT3-mutant AML.
In summary, the tyrosine kinase inhibitor cabozantinib is well tolerated at a dose of 40 mg daily in patients with AML, with the most common related toxicities being nausea and transaminitis. Unlike other potent FLT3 inhibitors currently under study, cabozantinib also effectively inhibits the FLT3/TKD/F691 resistance mutation and may, therefore, play a role in future therapeutic paradigms. 
